Abstract
INTRODUcTION
Allelopathy is defined as the influence that a plant exerts over other plants through production and release into the environment of secondary metabolites known as allelochemicals (Mallik 2008; Rice 1984) . It is a well-studied process in the field of agriculture (Narwal et al. 2000; Cheng and Cheng 2015) as a natural alternative to herbicides and pesticides in the control of weeds and insect pests (Cheng and Cheng 2015) . In addition, allelopathic mechanisms are proposed often to explain the success of non-native plant species in invaded communities (Callaway and Ridenour 2004; Thorpe et al. 2009; Yuan et al. 2013) . However, much less attention has been paid to the role of allelopathy in natural ecosystems (Inderjit et al. 2011; Meiners et al. 2012) , despite its potential impacts in ecosystem functioning (Muller 1969; Wardle et al. 1998; Inderjit et al. 2011) . In Mediterranean-like regions, many herbaceous, aromatic shrubs and trees species exhibit allelopathy (Thompson 2005; Scognamiglio et al. 2013) . Apart from being a widespread feature of plants in those habitats, production of allelochemicals or its phytotoxicity are enhanced under stressful conditions (Pedrol et al. 2006; Rivoal et al. 2011; Zhang et al. 2014) . Furthermore, in those stressful environments, where facilitative interactions predominate (Soliveres and Maestre 2014) , allelopathy might arise as an evolutionary mechanism for avoiding such interactions (van der Putten 2009) and, therefore, lessen direct competition for resources with surrounding vegetation (Gant and Clebsch 1975) . Thus, allelopathy might be particularly relevant driving the dynamics of arid and semi-arid plant communities.
The highly unpredictable climate of drylands makes soil seed bank a crucial factor that strongly influences the persistence and co-existence of some species in the community (Chesson et al. 2004; Long et al. 2015; Kemp 1989) and, ultimately, the composition of aboveground vegetation (Caballero et al. 2005 (Caballero et al. , 2008b Martinez-Duro et al. 2012) . In those environments, vegetation cover is clumped into patches that alternate with inter-patches areas of bare soil. Patches of vegetation act as seed sources and sinks (Caballero et al. 2008a) . Consequently, the soil seed bank follows a similar patchy pattern, and the number of species and density of seeds under vegetation patches is higher than it is in bare soil (Aguiar and Sala 1997; Caballero et al. 2008a; Giladi et al. 2013; Guo et al. 1998; Stark et al. 2008) . Thus, it is expected that seedling emergence occurs mostly in vegetation patches (Aguiar and Sala 1997) . But the chemical microenvironment constitutes a determinant factor that promotes or inhibits seed germination (Long et al. 2015) . The presence of allelochemicals can determine whether a species can (tolerant) or cannot (intolerant) coexist in the neighborhood of the allelopathic species (Ehlers et al. 2014; Linhart et al. 2015) which affects the spatial pattern of diversity and species composition (Arroyo et al. 2015) . However, the consequences that the presence of allelopathic plants have on community organization through the effects of allelochemicals on soil seed bank remain poorly understood (Fabbro et al. 2013; Renne et al. 2014) .
Assessing the allelopathic activity of allelochemicals often relies on identifying their influence on seed germination and seedling performance (Gniazdowska and Bogatek 2005; Scognamiglio et al. 2013) . It is well known that allelochemicals typically inhibit seed germination (Escudero et al. 2000; Fernandez et al. 2013; Vivanco et al. 2004) , delay germination (Fernandez et al. 2013) and increase seedling mortality (Linhart et al. 2015) . Mechanisms underlying those effects are multiple and they are associated with a disruption of normal cell metabolism, rather than with a cell damage (Gniazdowska and Bogatek 2005) . Positive effects of allelochemicals have been reported too (Fernandez et al. 2013; Tsubo et al. 2012) , although they are less common. Many of those studies on allelopathy, however, have been based on greenhouse experiments that included one or two test species only (Escudero et al. 2000; Fernandez et al. 2006) , which in some cases, were model species (e.g. Lactuca sativa L., lettuce; Escudero et al. 2000; Scognamiglio et al. 2013; Zhang et al. 2014) . Model species are not useful for demonstrating the significance of allelopathy in natural communities because they do not co-exists with the allelopathic species (Inderjit and Callaway 2003) . Furthermore, the use of a single test species does not allow for the assessment of species-specific responses to allelopathy (Linhart et al. 2015; Zhang et al. 2014) . Soil seed bank might constitute a valuable alternative to test for the effects of allelopathy on several species that co-exists with the allelopathic one in natural plant communities and, thus, provide meaningful information about the role of allelopathy in seed germination in natural environments.
In this study, we investigated the effects of the allelopathic species Artemisia herba-alba Asso on the dynamics of a semi-arid plant community through the effects on soil seed bank. Specifically, we assessed (i) spatial heterogeneities in soil seed bank caused by the presence of allelopathic plants and (ii) the allelopathic effects on seed bank germination and seedling mortality. Artemisia herba-alba (desert wormwood) is an aromatic dwarf shrub that is very common in many arid and semi-arid regions of the Mediterranean basin. Like many other species in the genus Artemisia (Asteraceae), its allelopathic nature is well documented (Abad et al. 2012; Escudero et al. 2000; Mohamed et al. 2010; Tilaoui et al. 2015) . We hypothesized that (i) vegetation patches (of either allelopathic or non-allelopathic plants) will act as sources and sinks of seeds, which increases species richness and density of seeds in the seed bank compared to bare soil areas. In addition, we expected to find differences between allelopathic and nonallelopathic plant species in seed bank structure. Although patches created by A. herba-alba might act as seed sinks, they would be seed sources to a lesser extent than would be patches created by a similar non-allelopathic shrub (Salsola vermiculata L.; Arroyo et al. unpublished data) , because of the low plant diversity underneath (Arroyo et al. 2015) . Therefore, we hypothesized that (ii) species richness and density of the soil seed bank will be lower under A. herba-alba than it will be under S. vermiculata. Alternatively, dispersal and seed trapping might allow A. herba-alba to have a similar seed bank to that of S. vermiculata, but still, we hypothesized that (iii) the germination of many seed in the seed bank will be inhibited or delayed, and seedling mortality will increase because of the allelochemicals produced by A. herba-alba, leading to the observed low plant diversity underneath its canopy (Arroyo et al. 2015) . To test the first hypothesis, we compared the structure (in terms of species richness and density of seeds) of viable seed bank of soil samples collected from bare soil areas and vegetation patches. To test the second hypothesis, we compared the structure of viable seed bank of samples collected from under A. herba-alba and S. vermiculata individuals. To test the third hypothesis, we measured seed bank germination (seedling emergence and emergence timing) and seedling mortality of samples that were treated with aqueous extract of A. herba-alba, which simulated the presence of allelopathic plants.
MATERIALS AND METHODS

Study area
This study was conducted in the middle Ebro Valley (NE Spain), specifically, in "El Planerón de Belchite" ornithological reserve (41°22′28″N, 00°38′24″O; Fig. 1A ). This is one of the most arid areas of the Iberian Peninsula, with an average annual precipitation of 319 mm year −1
. The average temperature ranges from 7.21°C in January to 25.04°C in July (data obtained from Digital Climatic Atlas of Aragón; http://anciles. aragon.es/AtlasClimatico/). Topography is characterized by a flat-bottomed valley surrounded by low hills. Soils are very rich in clay and are slightly saline. The main human activity in the study area involved a traditional agro-pastoral land use (Pueyo 2005) . Natural plant communities on non-cultivated lands are dominated by shrubs (e.g. A. herba-alba, S. vermiculata and Suaeda vera J.F.G.mel.) and perennial grasses (e.g. Dactylis glomerata L. subsp. hispanica (Roth) Nyman, Lygeum spartum L. and Stipa parviflora Desf.). Soil is sparsely covered by lichens (e.g. Diploschistes diacapsis, Squamarina lentigera and Fulgensia sp.).
Seed bank sampling and experimental design
In January 2014, 160 soil samples were collected from three microsites. Specifically, 20 A. herba-alba individuals and 20 S. vermiculata individuals were selected randomly (Fig. 1A) . Then, two soil samples were collected from under the canopy of each individual, in the direction of the main winds (NW) (n=80; microsites ART and SAL for A. herba-alba and S. vermiculata respectively; Fig. 1B ). Other two soil samples were collected in open bare soil, 30 cm from the canopy edge of each individual (n = 80; microsite BS; Fig. 1B ). Those three microsites were the most abundant in the natural plant communities of the study area, and accounted for about 60% of the cover. Selected individuals of A. herba-alba and S. vermiculata had a very similar physiognomy. Indeed, the two species did not differ in their mean height (F 1,38 = 3.08, P = 0.09; see online supplementary Fig. S1 ), although S. vermiculata had a longer radius (F 1,38 = 7.94, P < 0.01; see online supplementary Fig. S1 ). Soil cores were 3.5 cm in diameter and 10 cm deep, which is sufficient for sampling the entire seed bank in drylands (Guo et al. 1998) . Soil samples were kept in hermetic plastic bags and stored in a cold chamber at 4°C for three months.
We followed the seedling emergence method (Heerdt et al. 1996) to assess the viable soil seed bank. First, soil samples were soaked about ten minutes in a sodium bicarbonate (NaHCO 3 ) solution to cause disaggregation of clays. Then, soil samples were washed over a 4 mm mesh sieve to remove the coarse fraction of the soil and washed again over a 0.25 mm mesh sieve to obtain concentrated samples rich in seeds. Final samples were placed in 23 × 9 × 7 cm aluminum pots filled up with substrate (a mixture of white peat, 70%, and soil of pine forest, 30%) and were set to germinate in a greenhouse for four months, under a controlled temperature regime (25°C at day and 15°C at night). A 0.25 mm nylon mesh was placed between samples and substrate to prevent germination from the substrate. Pots were irrigated with fresh water regularly. To induce germination of dormant seeds, 1 g l −1 gibberellic acid (AC 3 ) was added to irrigation water during the final month (Ikuma and Thimann 1960) . Seedling emergence was monitored during 30 days after the end of the experiment, but further germination did not occur. Pot positions were changed randomly to prevent any potential site effect.
To simulate seed bank germination in the presence of an allelopathic plant, one of the two samples collected from each individual of two species, and one of the two samples collected from each bare soil (treatment block; n = 80), were irrigated with a 5 g l −1 dilution of aqueous extract of A. herba-alba, which replaced a normal watering once every two weeks. The concentration was equivalent to add approximately 0.6 g of A. herba-alba per pot, which can be considered similar to the amounts found in nature (Orr et al. 2005) . Aqueous extract was obtained by soaking aerial parts (fresh shoots and leaves) of different A. herba-alba individuals in distilled water (100 g l −1
), for 24 h at room temperature and in total darkness (Escudero et al. 2000; Fernandez et al. 2013; Orr et al. 2005) . Fresh material was collected in spring 2014 from a natural population of the study area. The resultant extract was filtered, stored in small bottles (100 ml) and frozen until it was used. Allelopathic activity of aqueous extract of S. vermiculata was discarded in a preliminary experiment (Arroyo et al. unpublished data) .
Seedling emergence was tracked weekly. In particular, species richness and seed density were quantified as the number of species and the number of seedlings, respectively, that emerged from each sample. Emergence timing was quantified as the difference, in days, between the time at which the sample was set to germinate and the time at which the seedling was first observed. Seedling mortality was quantified as the ratio between the number of dead seedlings and the number that emerged from each sample.
Data analyses
Differences in seed bank richness and density among microsites (BS, ART and SAL) were analyzed with generalized linear models (GLMs). We employed Poisson distribution of errors because our count data did not meet the assumptions of normality, even after various data transformations. In the analysis of seed density, a negative binomial GLM was performed to deal with data overdispersion. Tukey´s post hoc honest significant difference (HSD) tests were used to detect differences between pairs of microsites. Assessments of seed bank structure were based on the pots that were not treated with aqueous extract.
The effect of aqueous extract of A. herba-alba on seedling emergence was analyzed with generalized linear mixed models (GLMMs). Specifically, we assessed the significance of differences in species richness and seedling abundance between treated and non-treated pots with separate GLMMs with Poison distribution of errors. Treatment was set as a fixed factor while microsite and identity of each plant individual or bare soil were included as random factors because soil samples collected from the same individual or bare soil were closer to each other than they were to the other samples. Best model selection was based on Akaike's Information Criterion (AIC; Zuur et al. 2009 ). If two or more models had the same AIC (i.e. a difference < 2 AIC points) the most parsimonious model was selected.
Differences in emergence timing and seedling mortality of the most abundant species in the seed bank between treated and non-treated pots were evaluated performing separate species × treatment GLMMs. A Poison distribution of errors was specified for germination time, and a binomial distribution of errors was specified for seedling mortality. Pot was included as random factor in each model. An observationlevel random effect was included to account for overdispersion in emergence timing (Harrison 2014) .
All statistical analyses were performed with R software (R Core Team 2015). GLMMs were performed using the glmer function in the lme4 package (Bates et al. 2015) .
RESULTS
Seed bank structure
Four hundred and twenty three seedlings from 20 different species emerged from the seed bank samples in non-treated pots (n = 80; Table 1 ). Mean seed bank density was 5499 seeds m −2 (Table 1) . Approximately 85% of seeds in the seed bank samples were from one of the four most abundant species (A. herba-alba, D. glomerata, Frankenia pulverulenta L. and Plantago afra L.). Artemisia herba-alba was the most representative species of seed bank with more than 65% of seeds (Table 1) . Soil seed bank samples collected from the ART and SAL microsites (shrubs) had significantly more species than did those collected from the BS microsite (bare soil; Fig. 2A ; see online supplementary Table S1 ). In addition, seed density was approximately seven and two times higher in seed bank samples collected from microsites ART and SAL, respectively, than it was in samples collected from bare soil ( Fig. 2B ; see online supplementary Table S1 ).
Species richness did not differ significantly between seed banks of ART and SAL microsites ( Fig. 2A ; see online supplementary Table S1 ). However, seed density was significantly higher in the seed bank samples from ART microsite than it was in the samples from SAL microsite ( Fig. 2B ; see online supplementary Table S1 ). Nevertheless, a new analysis that excluded the abundance of A. herba-alba seeds revealed nonsignificant differences in seed density between seed banks of ART and SAL microsites ( Fig. 2C ; see online supplementary  Table S1 ). Thus, A. herba-alba and S. vermiculata had a similar seed bank structure in terms of species richness and seed density, with the exception of the abundance of A. herba-alba seeds.
Effects of aqueous extract of A. herba-alba
Aqueous extract of A. herba-alba had an inhibitory effect on seedling emergence. Specifically, seed bank samples from pots that were treated with aqueous extract had significantly lower species richness than did those from non-treated pots ( Fig. 3A ; see online supplementary Table S2 ). Furthermore, number of emerged seedlings in seed bank samples that were irrigated with aqueous extract was 50% lower than it was from seed bank samples in non-treated pots ( Fig. 3B ; see online supplementary Table S2 ).
Emergence timing of seedlings did not differ significantly between treated and non-treated pots for any of the four most abundant species (A. herba-alba, D. glomerata, F. pulverulenta and P. afra) present in seed bank samples ( Fig. 3C ; see online supplementary Table S3 ). On the contrary, treatment with aqueous extract of A. herba-alba affected significantly seedling mortality of some of those species. Specifically, aqueous extract significantly increased the mortality of A. herba-alba seedlings ( Fig. 3D ; see online supplementary Table S3 ) and reduced the mortality of D. glomerata seedlings ( Fig. 3D ; see online supplementary Table S3 ). The mortality of F. pulverulenta and P. afra seedlings did not differ significantly between treated and non-treated pots ( Fig. 3D ; see online supplementary Table S3 ).
DIScUSSION
In semi-arid ecosystems, there is a positive feedback between vegetation patches and soil seed bank. Vegetation patches favor seeds accumulation (Caballero et al. 2008a; Liu et al. 2012) , which leads to a dense and diverse seed bank beneath (Giladi et al. 2013) . On the other hand, microclimate conditions are more benign and resources availability is higher in vegetation patches than they are on bare soil (Callaway 2007) . Therefore, seedling recruitment and establishment is enhanced in vegetation patches (Aguiar and Sala 1997) , which undoubtedly contributes to the persistence of the patchy structure of vegetation in semi-arid plant communities (Aguiar and Sala 1997) . Allelopathic activity of A. herbaalba could hinder the positive feedback between vegetation patches and soil seed bank. Indeed, in a previous study it was found that while S. vermiculata acts as an effective nurse plant, which creates and maintains diversity in vegetation patches, A. herba-alba remains fairly isolated (Arroyo et al. 2015; Pueyo et al. 2016) . The presence of allelochemicals could reduce seed production in susceptible plant species (Yarnia 2012) and, therefore, their contribution to the soil seed bank. Here, we showed that, although the structure of the soil seed bank at the A. herba-alba microsite was analogous to that of the similar non-allelopathic shrub S. vermiculata (with the exception of the abundance of A. herba-alba seeds), the presence of allelochemicals strongly reduced seedling emergence from the seed bank and increased premature mortality of some species, which might explain vegetation patterns in nature (Friedman et al. 1977) .
In line with previous findings in other semi-arid plant communities, we found that seed bank richness and density were higher under vegetation patches than they were in bare soil areas, thus, shaping a spatially heterogeneous soil seed bank (Aguiar and Sala 1997; Guo et al. 1998; Giladi et al. 2013; Kemp 1989) . Those spatial heterogeneities are produced not only by the high seed capture rate in vegetation patches compared to the low capture and retention of seeds in bare soil (Giladi et al. 2013; Liu et al. 2012) , but also because vegetation patches act as source of seeds (Caballero et al. 2008a) . Salsola vermiculata individuals have higher plant diversity nearby than do individuals of A. herba-alba in this semi-arid plant community (Arroyo et al. 2015) . Therefore, it could be expected that patches of S. vermiculata act, to some extent, as a source of higher number of species to the seed bank than would patches of A. herba-alba, resulting in a richer seed bank. However, contrary to our hypothesis, seed bank richness was similar at the allelopathic and the nurse species microsites. This might have resulted from effective seed dispersal (Saatkamp et al. 2014 ) that prevented any potential differences between the two microsites.
On the other hand, seed bank density of the soil samples collected from under A. herba-alba individuals was higher than seed bank density of those collected from under S. vermiculata individuals, even though selected S. vermicualta individuals had a longer radius than did A. herba-alba individuals. Actually, the vertical structure (i.e. height) of patches, rather than width, modulates the role of vegetation patches as seeds sink (Caballero et al. 2008a ). In our study, A. herba-alba and S. vermiculata did not differ in height, which suggests that these species should have similar seed capture rates. Indeed, A. herba-alba and S. vermiculata had similar seed bank densities, as differences in seed bank density between the ART and SAL microsites were just caused by the extraordinary abundance of A. herba-alba seeds at the ART microsite. The most plausible explanation for that finding is two-fold. Firstly, the flowering period of A. herba-alba spans from October to December, which is close to time at which the soil samples were collected (January), while secondary dispersal by wind or animals might take longer. Secondly, seeds of A. herba-alba are round and relatively heavy (~11 mg per seed), features which do not guarantee a high wind dispersal potential (Liu et al. 2012; Tackenberg et al. 2003) and, consequently, seeds remain close to the mother plant.
Our results showed that one of the main impacts of the presence of the allelopathic plants was the inhibition of germination from the seed bank. In general, allelochemicals produced by A. herba-alba reduced seedling emergence by up to 50%. These findings are in line with other studies that reported inhibitory effects of aqueous extract of A. herba-alba (Escudero et al. 2000; Friedman et al. 1977) . The magnitude of this inhibition appeared to differ among the species in the seed bank. Germination of some species appeared to be strongly inhibited (e.g. A. herba-alba; Table 1 ), but others appeared Table S1. to be unaffected by the allelochemicals. Surprisingly, allelochemicals of A. herba-alba apparently stimulated germination of Brachypodium retusum. Actually, some allelochemicals, or a mixture of them, can act as promoters of germination (Fernandez et al. 2013; Kawaguchi et al. 1997) . However, the presence of this species only in the treated pots might have been due to the high heterogeneity of the soil seed bank, even at a fine scale (3.5 cm). Similarly, we found contrasting effects of allelochemicals of A. herba-alba on seedling mortality. Seedling mortality of some species (i.e. A. herbaalba) was increased in presence of allelochemicals. On the contrary, seedling mortality of other species was not affected by allelochemicals, and, in the particular case of seedlings of D. glomerata, mortality was reduced. Previously, it has been suggested that at least some species of perennial grasses that co-exists with the allelopathic species A. herba-alba appear to tolerate its allelochemicals (Arroyo et al. 2015) . Our finding points out that some grass species, such as D. glomerata, might take advantage of C input, that involves allelochemicals of A. herba-alba, to grow better (but see Viard-Crétat et al. 2012) . Collectively, those results underscore the species-specific nature of allelopathy (Herranz et al. 2006; Linhart et al. 2015) .
In semi-arid ecosystems, emergence timing can be considered as a key factor that determines the fate of the seedling after the summer drought. The later the seedling emerges the lower its probability of survival under adverse conditions (Castro 2006; Escudero et al. 1999) . In that sense, allelopathy can hamper seedling survival in the following summer delaying germination from the seed bank (Fernandez et al. 2013; Herranz et al. 2006) . In our study, however, the allelochemicals produced by A. herba-alba did not have that effect. Therefore, although that process might be important in other plant communities, the low diversity near A. herba-alba individuals in our semi-arid plant community (Arroyo et al. 2015) cannot be attributed to this allelopathic effect.
Soil seed bank is characterized by a high temporal heterogeneity in semi-arid ecosystems (Caballero et al. 2005; Facelli et al. 2005) . Seed bank density varies seasonally and is lowest after the emergence peak in spring and highest after seeds dispersal (Caballero et al. 2005) . Future research should incorporate and explore the interplay between allelopathic plants and the temporal heterogeneity of seed banks. Additional evidence of allelopathy could be obtained by comparing the seed bank structure of an allelopathic and a similar non-allelopathic plant in contrasting seasons. If there is a clear allelopathic effect that inhibits seedling emergence from the soil seed bank, then seed density and, perhaps, richness, would be higher beneath allelopathic plant species than it would be beneath similar non-allelopathic plants just after seedling emergence, while there would be no differences after seeds Tables S2 and S3. dispersal. Inhibition of seedling emergence might lead to an accumulation of seeds beneath allelopathic plants year after year. Going further, long-term inhibition can result in a loss of the viability of susceptible seeds because of the oxidative stress caused by allelochemicals (Long et al. 2015; Harun et al. 2015) and, eventually, seeds might die. That only could be tested using alternative methods for estimating soil seed bank (Abella et al. 2013) , considering not only viable fraction of the seed bank, but also non-viable seeds. Further research should investigate the effects of other potential allelopathic organisms, such as lichens, on soil seed bank structure and germination.
In conclusion, our results support the heterogeneous spatial structure of soil seed banks in semi-arid plant communities (Aguiar and Sala 1997; Guo et al. 1998 ). We did not find relevant differences in seed bank structure (in terms of species richness and seed density) caused by the presence of allelopathic plant species relative to similar non-allelopathic plants. However, we found allelopathic effects on seedling emergence from the seed bank and seedling performance. Our results point out that diversity repulsion that occurs near A. herba-alba individuals (Arroyo et al. 2015) can be attributed to its allelopathic effect in inhibiting seedling emergence from the seed bank and in hindering seedling establishment. Those results improve our understanding of the role of allelopathy in plant community organization in a semi-arid ecosystem through its effects on the soil seed bank. In addition, our study brings to light the potential of the soil seed bank as a useful way of testing for allelopathic effects in an ecological-like context. Although further studies are needed to fully understand how the presence of allelopathic plants affects temporal variability of soil seed bank. To our knowledge, this is the first study to examine the effect of an allelopathic plant on an entire seed bank.
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